KS. Transient receptor potential ankyrin 1 mediates chronic pancreatitis pain in mice. Am J Physiol Gastrointest Liver Physiol 304: G1002-G1012, 2013. First published April 4, 2013 doi:10.1152/ajpgi.00005.2013.-Chronic pancreatitis (CP) is a devastating disease characterized by persistent and uncontrolled abdominal pain. Our lack of understanding is partially due to the lack of experimental models that mimic the human disease and also to the lack of validated behavioral measures of visceral pain. The ligand-gated cation channel transient receptor potential ankyrin 1 (TRPA1) mediates inflammation and pain in early experimental pancreatitis. It is unknown if TRPA1 causes fibrosis and sustained pancreatic pain. We induced CP by injecting the chemical agent trinitrobenzene sulfonic acid (TNBS), which causes severe acute pancreatitis, into the pancreatic duct of C57BL/6 trpa1 ϩ/ϩ and trpa1 Ϫ/Ϫ mice. Chronic inflammatory changes and pain behaviors were assessed after 2-3 wk. TNBS injection caused marked pancreatic fibrosis with increased collagen-staining intensity, atrophy, fatty replacement, monocyte infiltration, and pancreatic stellate cell activation, and these changes were reflected by increased histological damage scores. TNBS-injected animals showed mechanical hypersensitivity during von Frey filament probing of the abdomen, decreased daily voluntary wheel-running activity, and increased immobility scores during open-field testing. Pancreatic TNBS also reduced the threshold to hindpaw withdrawal to von Frey filament probing, suggesting central sensitization. Inflammatory changes and pain indexes were significantly reduced in trpa1 Ϫ/Ϫ mice. In conclusion, we have characterized in mice a model of CP that resembles the human condition, with marked histological changes and behavioral measures of pain. We have demonstrated, using novel and objective pain measurements, that TRPA1 mediates inflammation and visceral hypersensitivity in CP and could be a therapeutic target for the treatment of sustained inflammatory abdominal pain. chronic pancreatitis; pain; inflammation; transient receptor potential ankyrin 1; trinitrobenzene sulfonic acid CHRONIC PANCREATITIS (CP) is a devastating disease characterized by continuous or recurrent inflammation of the pancreas, progressive and irreversible fibrosis and atrophy, and, in severe cases, loss of exocrine and endocrine function. Severe and uncontrolled abdominal pain is the cardinal feature of CP, but the mechanisms of this pain are poorly understood (7). Our lack of understanding is partly due to the lack of available animal models that mimic the human disease and the lack of validated measures of visceral pain. Increasing evidence (3, 15, 36) supports the importance of the "pancreatic neuropathy theory," based on the notion that patients with CP have damaged intrapancreatic nerves that are more susceptible to inflammatory mediators, the expression of which directly correlates with pain frequency and intensity (41). This peripheral neural sensitization thereby contributes to sustained pain.
the mechanisms of this pain are poorly understood (7) . Our lack of understanding is partly due to the lack of available animal models that mimic the human disease and the lack of validated measures of visceral pain. Increasing evidence (3, 15, 36) supports the importance of the "pancreatic neuropathy theory," based on the notion that patients with CP have damaged intrapancreatic nerves that are more susceptible to inflammatory mediators, the expression of which directly correlates with pain frequency and intensity (41) . This peripheral neural sensitization thereby contributes to sustained pain.
Transient receptor potential ankyrin 1 (TRPA1) is an ion channel expressed by primary afferent nociceptive neurons that is activated by endogenous inflammatory compounds (e.g., products of oxidative stress and cyclopentenone prostaglandins) (4) . TRPA1 can also be sensitized by agents found in the inflamed pancreas. Trypsins that are prematurely activated within the inflamed pancreas and play an important role in the pathogenesis of experimental and human CP (44, 54) can activate protease-activated receptor 2 (PAR 2 ) on pancreatic sensory nerves. PAR 2 may sensitize TRPA1 to increase neuroexcitability and, thereby, exacerbate neurogenic inflammation and hyperalgesia. We (13) and others (45) previously demonstrated that TRPA1 activation produces early pancreatic inflammation and pain, but nothing is known about the contribution of this channel following the resolution of acute inflammation in the fibrotic, atrophic pancreas.
To study the mechanisms of sustained pain in CP, including the contribution of TRPA1, we adapted a model of painful CP previously established in rats (42, 53) by injecting trinitrobenzene sulfonic acid (TNBS) into the pancreatic duct of healthy mice. After 3 wk, we confirmed the development of pancreatic fibrosis, fatty replacement, chronic inflammatory cell infiltrate, and atrophy. We used graduated von Frey filaments (VFFs) to measure abdominal referred mechanical hypersensitivity as an index of visceral pain. We also evaluated the usefulness of several other, observer-independent, behavioral pain measures. By comparing results in trpa1 ϩ/ϩ and trpa1 Ϫ/Ϫ mice, we were able to determine the contribution of TRPA1 to sustained pancreatic inflammation and pain.
MATERIALS AND METHODS
Animals. C57BL/6 mice (8 -12 wk old) were originally obtained from Charles River Laboratories (Hollister, CA) and bred in our facility; trpa1 ϩ/ϩ and trpa1 Ϫ/Ϫ mice were maintained as heterozygotes, and age-matched littermates were studied (8) . All mice were maintained in a temperature-controlled environment with free access to food and water. The University of California San Francisco Institutional Animal Care and Use Committee approved all procedures.
Induction of CP. To establish a mouse model of painful CP, we induced TNBS pancreatitis, as previously described in rats (42, 52) , with several modifications, the most significant of which was a dramatic reduction in the dose and volume of TNBS. Preliminary attempts proved that the protocols used in rats (400 or 500 l of 2% TNBS in 10% ethanol) had a high mortality rate, even when scaled down by weight. Considerable trial-and-error was needed to adapt the model to the less hearty mice to avoid multiorgan failure and death within the first 48 h after surgery. Ultimately, 35 l of a 0.75% solution of TNBS, 10% ethanol, and saline produced consistent results and a mortality rate of 22.5% (see below), which is representative of the human situation (38) .
After the abdomen was shaved, the mice were anesthetized with isoflurane and antiseptically cleaned, and a laparotomy was performed. It was crucial to the success of the surgery that the tissues, especially duodenum and pancreas, were handled very gently to avoid trauma and nonspecific inflammatory responses. The proximal common bile duct was temporarily occluded with a Hemoclip to prevent flow of infused agents into the liver. The duodenum was identified, very gently exposed, and punctured on the antimesenteric side near the papilla of Vater using a 30-gauge needle. A polyethylene (PE-10) catheter was inserted through the papilla into the pancreatic duct (ϳ2-3 mm) and held in place with blunted tweezers. Next, a Hamilton syringe was used to infuse 35 l of a 0.75% solution of TNBS (Sigma, St. Louis, MO) in 10% ethanol in saline, vehicle (10% ethanol in saline), or saline solution slowly and constantly (over a 1-min period) into the pancreatic duct. Success of the procedure was monitored by ensuring the presence of a yellowish color in the pancreas (if TNBS was injected) or enlargement of the gland (if vehicle or saline was injected). The catheter and the Hemoclip were removed before the abdomen was closed. The sham-operated group underwent laparotomy and suture closure of the abdomen, without intraductal injection. All mice were allowed to recover, and buprenorphine (0.1 mg/kg sc) was administered twice a day for 3 days after surgery for postoperative analgesia (per veterinary protocol) and saline solution (0.5 ml ip) was administered for postoperative fluid resuscitation (24) . Body weight was monitored daily for up to 3 wk. CP was induced for 3 wk in C57BL/6 mice and for 2 wk in trpa1 ϩ/ϩ and trpa1 Ϫ/Ϫ mice. We chose these 3-and 2-wk time points because they coincided with the greatest differences among groups. The mortality rates in the control groups were 0% for the sham-operated group, 10% for the salinetreated group, and 9% for the ethanol-treated group. In contrast, the mortality rate for the TNBS-treated group was 22.5% within the first 3-4 days, mainly due to severe acute necrotizing pancreatitis, characterized by tissue edema, necrosis, and large areas of hemorrhage. After 2 wk (trpa1 ϩ/ϩ and trpa1 Ϫ/Ϫ mice) or 3 wk (C57BL/6 mice), mice were killed with an overdose of pentobarbital sodium (200 mg/kg ip), and tissues were collected.
Tissue collection. Blood was collected from the left ventricle and centrifuged (10,000 g for 10 min at 4°C), and the serum was obtained. Pancreatic atrophy was estimated by measurement of the area of an image taken from a consistent distance of the explanted pancreas divided by the area of the adjacent spleen in the same image to adjust for differences in body weight between mice. In one set of mice, pancreata were collected, postfixed in 10% formalin, embedded in paraffin, and processed for histological analysis [hematoxylin-eosin and picrosirius red (PSR) staining]. In another set of mice, fresh pancreata were collected and snap-frozen in liquid nitrogen for Western blot analysis.
Assessment of inflammation. Four methods were used to establish the presence of chronic inflammatory changes. First, morphological changes were evaluated, and a histological severity score (HSS) was determined as follows. Pancreatic samples were embedded in paraffin, sectioned (5 m), and stained with hematoxylin-eosin. Pathological changes were evaluated by light microscopy (ϫ20 objective) by an investigator unaware of the experimental groups, as we previously described for acute pancreatitis (13) , with some modifications to better characterize the chronicity of this model. The following six categories were assessed on a scale of 0 -5: fat replacement, zymogen loss, inflammatory cell infiltration, presence of vacuoles, necrosis, and fibrosis. The scores were tabulated, and the mean value for each group was used as the HSS.
Second, fibrosis was assessed using qualitative and semiquantitative analyses. Pancreatic samples were embedded in paraffin, sectioned (5 m), and stained with PSR, which has been used to estimate collagen deposition (27) . An investigator unaware of the treatment captured two random images per slide with a fluorescence microscope (model IX81, Olympus) fitted with an analyzer (U-ANT, Olympus) and a polarizer (U-POT, Olympus) oriented parallel and orthogonal to each other and equipped with a Spot Flex camera (43) . We used two different microscope settings: one for capturing images with the polarizer oriented in parallel and the other with the polarizer oriented orthogonally. Images were then analyzed using Java software (ImageJ, National Institutes of Health, http://rsb.info.nih. gov). Parameters used for analysis and thresholding were maintained across all images taken with the polarizer in each orientation. Quantification of collagen was achieved by dividing the area of the minimal thresholded light passing through the orthogonally oriented polarizer (representing only the fibrous structures) by the thresholded light passing through the parallel-oriented polarizer (representing the whole tissue) and averaged for each experimental group.
Third, since decline in serum amylase has been associated with progression of experimental CP due to the loss of acinar cells (49) , serum was assayed for amylase activity, as previously described (13), using Infinity Amylase Liquid Stable Reagent (Thermo Electron, Louisville, CO). Results are expressed in units per liter.
Fourth, since pancreatic stellate cell (PSC) activation and proliferation contribute to extracellular matrix deposition and fibrogenesis in the pancreas (56) , activated PSCs were estimated by Western blot analysis using antibodies to ␣-smooth muscle actin (␣-SMA) (see below).
Behavioral assessment of pain. Pain was assessed using five behavioral approaches. First, we used VFF probing of the abdomen preoperatively and 1-3 wk after intraductal injection/sham. We and others have used VFF probing as a measure of referred abdominal mechanical hypersensitivity (14, 48, 52, 53) . Starting 2 days before CP was surgically induced, mice were acclimated for Ն1 h/day in plastic cylinders on a mesh floor. At 1 day before testing, the abdomen was shaved. Abdominal mechanical referred pain was measured by application of calibrated VFFs (North Coast Medical, Morgan Hill, CA) of different applied forces (0.07, 0.16, and 1 g) in ascending order to the upper abdominal area 10 times each for 1-2 s. A response was considered positive when mice raised, retracted, or licked the abdomen (withdrawal response). Data are expressed as the average of the number of withdrawal responses per filament per mouse per experimental group.
Second, since patients with severe chronic pancreatic pain commonly describe hypersensitivity to remote noxious stimuli (10, 18) , such as a forearm needle stick, we used VFF probing and techniques previously established in our laboratory (16, 19) to measure somatic pain in the hindpaw. Briefly, VFFs of different applied forces (0.008, 0.04, 0.07, 0.16, 0.4, 0.6, 1, and 2 g) were applied to the plantar aspect of the left hindpaw: if a paw withdrawal response was not observed, a stronger stimulus was applied, and if the withdrawal response was detected, a weaker stimulus was used (the widely employed "up-anddown" paradigm). The responses were tabulated, and the 50% response threshold was determined. Data are expressed as percentage of baseline per mouse.
Third, since patients with severe chronic pancreatic pain have reduced performance status and quality of life (10, 21, 25) , which contribute to their overall disability, we tested whether a similar effect could be measured in mice (31) . Voluntary wheel running was assessed in regular housing cages equipped with a running wheel (5-in. diameter, Petco, San Diego, CA) fitted with a magnetic switch that allowed recording of the covered distance with an odometer (CatEye Vectra Wireless, Osaka, Japan). Mice were adapted to the running wheel for 1 wk prior to induction of CP. Mice were allowed free access to the running wheel, food, and water at all times. Voluntary wheel-running activity (distance/day) was measured starting 2 days before surgery (average ϭ baseline), and measurements were made daily for up to 3 wk. Results are expressed as a percentage of baseline.
Fourth, we measured catalepsy (time spent immobile within a 10-min period) using the SmartFrame open-field system (Kinder Scientific, Poway, CA), which consisted of a square clear Perspex arena (16 ft ϫ 16 ft) surrounded by clear Perspex walls (15 ft high) in which locomotor and exploratory activities are measured by an automated system of 32 infrared photobeams (16x and 16y). At the same time each day, individual mice were placed in the center of the arena, and exploratory movements were recorded for 10 min. Animals were adapted for 3 days prior to surgery, and the average values served as individual baselines. An open-field test was performed weekly, and the results, normalized to baseline, were analyzed using Motor Monitor Software.
As a fifth behavioral end point, we measured audible and ultrasonic vocalizations. A total of seven mice were recorded before the surgery (baseline) and then weekly after the sham operation (controls) or induction of CP. Vocalizations (1-180,000 Hz) were recorded using an Avisoft Ultrasoundgate microphone (CM16/CMPA) that was placed at a fixed distance (6 -8 cm) from the mouse, which was gently restrained and probed on the upper abdomen with a painful (4.56) VFF every 10 s over a 90-s period. The recordings were collected using a National Instruments data acquisition board and processed in Matlab (Natick, MA). Individual calls were detected using a previously described spectral subtraction algorithm (57) . Once the background noise was subtracted, the automated algorithm detected all signals Ͼ0.01 V. Data are expressed as the average of the number of calls from each mouse.
SDS-PAGE and Western blotting. Snap-frozen samples (spinal cord and pancreas) were homogenized in Camiolo buffer containing 10 mM NaF, 0.1 mM Na 3VO4, complete protease inhibitor cocktail, and phosphatase inhibitor cocktail. Samples (30 -40 g of protein) were separated by SDS-PAGE (12% acrylamide). Membranes were blocked and incubated overnight at 4°C with antibodies to ␣-SMA (1:1,000 dilution; Abcam, Cambridge, MA) and ␤-actin (1:10,000 dilution; Sigma). Membranes were treated with the appropriate secondary antibodies conjugated to Alexa Fluor 680 (Invitrogen, Carlsbad, CA) or IRDye 800 (Rockland Immunochemicals, Gilbertsville, PA) and analyzed with an Odyssey Infrared Imaging System (Li-COR Biosciences, Lincoln, NE). To account for loading discrepancies, data are expressed as the ratio of the optical density of the band of interest normalized to the optical density of the ␤-actin signal.
Statistical analysis. Results are expressed as means Ϯ SE. Statistical differences were computed using Student's t-test (for comparisons between 2 groups) or 1-or 2-way ANOVA (for comparisons among all 4 groups) followed by Bonferroni's multiple comparisons posttest. P Ͻ 0.05 was considered statistically significant.
RESULTS

TNBS induced CP in mice.
Mice in the control groups (sham-operated, saline, and vehicle) lost an average of 6.1% of their original body weight within the first 3 days after the surgery but started to regain weight by day 4 and continued to gain weight until day 21 (105%, 105.2%, and 108.8% of body weight in sham, saline, and vehicle groups, respectively). In contrast, mice treated with TNBS lost 13.9% of their original body weight during weeks 1 and 2 and then slowly started to regain weight during week 3 (101.2% at day 21) (Fig. 1A) .
The pancreas from the sham-operated mice appeared normal, and no morphological changes were detected in the pancreata from saline or vehicle control groups (Fig. 1, B and  C) . In contrast, pancreata from TNBS-injected animals showed marked inflammatory infiltrates, mainly composed of mononuclear cells (monocytes). There were focal areas of necrosis and other areas with some zymogen loss and vacuolization. The most striking feature of this murine model, however, was the massive loss of acinar cells and their replacement by fat and fibrosis (Fig. 1C) . Marked atrophy developed within 3 wk. These findings were present in all animals, and they are consistent with the changes in pancreatic morphology previously reported in rats (42, 52) . Quantification of the severity of the histological damage (Fig. 1B) showed that mice treated with TNBS had an 11-fold increase in the HSS compared with the sham group, a 7-fold increase compared with the saline group, and a 5-fold increase compared with the vehicle group.
Serum amylase activity levels ranged from 4,550 to 6,600 U/l for vehicle, saline, and sham-operated animals. Amylase activity was significantly lower in mice treated with TNBS than in the control groups ( Fig. 2A) . This finding is consistent with loss of exocrine function of the pancreas, which is typical of human patients with CP (1, 2, 20) .
As an index of pancreatic atrophy, using image processing of a photograph taken of the organs removed en bloc, we measured the ratio of the two-dimensional area of the pancreas and spleen. In controls, the pancreas-to-spleen ratio was 3.2-3.8. TNBS injection significantly decreased the ratio to 1. Analysis of collagen deposition using the combination of PSR and polarized light showed no fibrosis in sham-operated control mice and minimal change in the saline and vehicle groups. By contrast, mice treated with TNBS had a 40-fold increase in collagen deposition compared with the sham-operated group, a 29-fold increase compared with the saline group, and a 15-fold increase compared with the vehicle group (Fig. 3,  A and B) . Moreover, TNBS-treated tissues showed a preponderance of larger collagen fibers (deeper red), which have been associated with later stages of scar formation following injury (43) . PSCs have been shown to play an important role in promoting pancreatic fibrogenesis, and ␣-SMA has been used as a marker of activated PSCs (5, 6, 26, 34, 40) . Expression of ␣-SMA by Western blotting was fivefold greater in pancreatic samples from mice treated with TNBS than from vehicletreated animals (Fig. 3C) . Our results confirm that instillation of TNBS into the pancreatic duct of mice induces CP, mainly characterized by acinar atrophy, mononuclear cell infiltrate, and marked fibrosis.
Pancreatic TNBS increased pain-related behaviors and decreased spontaneous activity. Abdominal VFF probing, a wellestablished method to measure referred visceral pain in rodents (48, 53) , showed a slight increase in abdominal mechanical sensitivity to the thinnest and intermediate filaments at 1 wk in the saline and sham-operated groups, likely due to the effect of the abdominal surgery, since scores returned to baseline by 2 wk. Mice treated with TNBS had markedly higher abdominal pain scores at all time points than sham-operated and saline-and vehicle-treated mice (Fig. 4B) . We observed increased sensitivity to a subthreshold stimulus ("allodynia," thin filament, with applied force of 0.07 g) and increased responses to painful stimuli ("hypersensitivity," thicker filaments, with applied force of 0.16 and 1 g). We were somewhat surprised to find mildly increased mechanical sensitivity scores at 2 and 3 wk in the vehicle group compared with the other two control groups. While the magnitude was much less than that seen with TNBS, these results suggest that intraductal ethanol causes some degree of nociceptive pathway activation.
Voluntary wheel running has been recently established as a nonreflexive test for evaluating somatic inflammatory pain and analgesia (17) , but data have not been published for visceral pain. As shown in Fig. 4A , mice treated with TNBS ran the wheel significantly less than mice from all three control groups, indicating that visceral pain was inversely related to spontaneous activity.
Using the open-field apparatus, we found significantly greater periods of immobility at each time point assessed after induction of CP in TNBS-injected mice than sham-operated controls (Fig. 4D) . These results support our data obtained using the running wheel and suggest that impaired mobility among animals with CP could be a reflection of visceral pain.
We sought to determine if stimuli remote from the abdomen would also produce enhanced responses. Using the up-down paradigm (16), we found that TNBS-treated mice had a significant decrease in their mechanical threshold to probing of the hindpaw at all time points compared with the three control groups (Fig. 4C) , which did not differ from baseline values. These results suggest that mice with CP had "generalized hypersensitivity," which could reflect the "generalized hyperalgesia" seen in CP patients (K. S. Kirkwood, clinical observation).
Ultrasonic vocalizations have been reported to be a behavioral indicator of pain in adult mice (30, 32) . We measured the number of calls and the "type" of call (pain-related call vs. annoyance-related call) in the audible and the ultrasonic range over a 90-s period of upper abdominal probing with a thick VFF during the first 2 wk after TNBS/sham operations, after a pilot study showed no difference in spontaneous calls. There were no significant differences in the overall number of calls or type of call between the two groups (data not shown). Moreover, the calls did not have a consistent pattern over time. Our results suggest that measurement of audible and/or ultrasonic vocalizations may not be a suitable method to assess or quantify chronic pancreatic pain behavior in mice.
TRPA1 mediates TNBS-induced CP.
We recently demonstrated that TRPA1 contributes to inflammation and pain during experimental acute pancreatitis (13) and colitis (12) . To evaluate the role of TRPA1 in CP, we injected TNBS into the pancreatic duct of trpa1 ϩ/ϩ and trpa1 Ϫ/Ϫ mice and collected tissue after 2 wk, the time point at which we observed the greatest differences among groups during the first set of experiments. As expected, TNBS caused a robust increase in HSS in trpa1 ϩ/ϩ mice (Fig. 5, A and D) , similar to that observed at 3 wk. Striking features were fibrosis, fatty replacement, and cellular infiltration. In trpa1 Ϫ/Ϫ mice, the histological inflammatory damage was markedly reduced, and the HSS was lower (12 vs. 17) . Serum amylase activity was reduced after 2 wk in trpa1 ϩ/ϩ , but not trpa1 Ϫ/Ϫ , mice (Fig. 5B) . No significant differences between trpa1 ϩ/ϩ and trpa1 Ϫ/Ϫ mice were detected when we compared the pancreatic atrophy results (Fig.  5C ). Our findings confirm that TRPA1 promotes chronic inflammatory changes in the pancreas.
TRPA1 mediates TNBS-induced chronic pancreatic pain. TNBS increased abdominal mechanical hypersensitivity responses in trpa1
ϩ/ϩ mice. By contrast, responses in trpa1 Ϫ/Ϫ mice were markedly reduced and were not significantly different from control animals at all assessed time points (Fig. 6A) . Similar results were obtained when mechanical sensitivity was assessed on mouse hindpaw: TNBS significantly decreased the mechanical threshold in trpa1
, but not trpa1 Ϫ/Ϫ , mice (Fig.  6B) . These findings suggest that TRPA1 is required for TNBSinduced CP inflammatory pain.
DISCUSSION
Sustained visceral pain is the hallmark of human CP. Lack of suitable murine models and reliable behavioral measures of abdominal pain have significantly retarded progress in our understanding of pancreatic pain. In the present study, injection of TNBS into the mouse pancreatic duct produced a model of CP with many similarities to the human condition. The histological picture of severe fibrosis, monocyte infiltration, fatty replacement, and atrophy mimic the findings reported in humans who have had the pancreas removed as a treatment for chronic pancreatic pain (29) . TNBS led to physiological changes of weight loss and decline in serum amylase levels. These changes were accompanied by the development of pain-related behaviors, including referred abdominal mechanical hypersensitivity, immobility, and reduced voluntary activity. To evaluate the role of TRPA1 in chronic inflammation and pain, we injected TNBS into the pancreatic duct of trpa1
and trpa1 ϩ/ϩ mice. Animals lacking functional TRPA1 channels had significantly less inflammation and fibrosis, as evidenced by a decrease in the HSS, as well as markedly less severe pain-related behaviors. In fact, TNBS-injected trpa1 Ϫ/Ϫ animals had abdominal mechanical sensitivity scores and hindpaw mechanical thresholds similar to those of saline-injected controls (cf. Fig. 6 with Fig. 4) . We previously showed a similar effect in a colitis model, and we believe that these findings support the contribution of central mechanisms of sustained visceral pain sensitization (12).
We recently localized functional TRPA1 on pancreatic nociceptive neurons and found that activation causes inflammation and pain in a cerulein model of acute pancreatitis (13) . We now show that TRPA1 is important in inflammation and pain in CP. Interestingly, serum amylase was also preserved in trpa1 Ϫ/Ϫ animals with CP, suggesting a possible effect of TRPA1 on pancreatic exocrine function. Given the known contribution of TRPA1 to inflammation, which we and others have previously shown, the simplest explanation seems to be that reduced inflammation contributes to less acinar necrosis in animals without TRPA1, but, indeed, we cannot exclude a direct effect. TRPA1 has been found on lacrimal and submandibular gland acinar cells (9, 23) . Nevertheless, we are unaware of any reports in pancreatic acinar cells. We previously identified this channel on nerve bundles within the pancreas running between acinar cells (12) . TRPA1 can be activated by products of lipid membrane peroxidation and oxidative stress (33, 47) , and it can be sensitized by activation of PAR 2 , which responds to a wide variety of noxious inflammatory stimuli. Moreover, the intrinsic properties of TRPA1 are modulated by transient receptor potential vanilloid 1 (TRPV1), most likely through a direct physical interaction between the two channels to form a complex. This complex would account for the functional interactions and cross talk between TRPA1 and TRPV1, leading to a more regulated control of transduction of nociceptive signals (46) . In the pancreas, early evidence suggests that TRPA1 and TRPV1 act together to produce acute inflammation and pain, and this synergistic interaction is essential to development of early pancreatitis (45) . Further studies are needed to identify which endogenous agonists that are generated in CP directly activate or sensitize TRPA1 to produce pain. To our knowledge, this is the first evidence that TRPA1 contributes to chronic pancreatic inflammation and pain.
Although pancreatic fibrosis and atrophy have been induced in the mouse by repeated serial cerulein injections (37) or genetic modifications (35), these models have not been shown to be painful. In the rat, the TNBS surgical model of CP has been shown to be painful (52, 55) , but this model has typically been lethal in mice. Since our pilot necropsy data showed that the mice died from severe acute pancreatitis, we adapted the model by reducing the magnitude of the insult and by providing postoperative fluid resuscitation, which has been shown to reduce early mortality in humans with severe pancreatitis (24) . The resultant model is similar to that developed in rats, which has been characterized by a significant decrease in body weight, serum amylase activity (an index of pancreatic exocrine function), and pancreatic area (an index of pancreatic atrophy) with an increase in histological severity score, acinar atrophy, fibrosis, and fat replacement (42, 52) . Thus this model has excellent face validity compared with the human condition. As with the other commonly used models of CP, the initiating cause of the inflammatory cascade is unlikely to mimic the human condition. In CP of different etiologies, the subsequent neuroimmune response, acinar injury and loss, stellate cell activation, fibrosis, and clinical sequelae are relatively similar (22) . While there are some differences, to a large degree, these various initial insults seem to converge on a common pathway, mice. HSS was decreased (A and D) and amylase activity was increased (B) in trpa1 Ϫ/Ϫ compared with trpa1 ϩ/ϩ mice, suggesting that TRPA1 is involved in mediating inflammation in this CP model. C: no significant differences between the 2 genotypes were detected when pancreatic atrophy was measured. Values are means Ϯ SE (n ϭ 5-10). **P Ͻ 0.01 vs. trpa1 ϩ/ϩ TNBS.
suggesting that this is a useful model for the study of pain in CP in mice (52) . We found several quantitative tools to be useful techniques for grading the severity of the chronic inflammatory and fibrotic changes in this model. The gross observation of pancreatic atrophy was pronounced after 2-3 wk. We developed a quick and inexpensive method to estimate atrophy by taking a photo at a fixed distance from the explanted organs to compare the ratio of the area of pancreas to spleen in the acquired image, thereby normalizing for differences in animal size. We also found that PSR staining with polarized light and ␣-SMA Western blotting provided useful measures of collagen deposition and activation of myofibroblasts, which were similar in our model at 2 wk. There is increasing evidence that activated stellate cells have an important role in expression of ␣-SMA, instead of desmin, and as the main source of collagen in the pancreas of humans and rats with CP (5, 26) .
VFF probing of the abdomen confirmed that TNBS-induced CP is painful. VFF probing is an established measure of visceral referred mechanical hypersensitivity (48, 52, 53 ) that mimics abdominal tenderness reported when pressure is applied to the abdomen of patients with CP. This technique requires extensive experience to produce reliable results, especially in mice. We used VFF probing to confirm that our model is painful and to test the usefulness of other potential measures of chronic visceral pain, including voluntary wheel running, immobility, and acoustic and ultrasonic vocalizations, all of which are less operator-dependent. Our results suggest that recordings of spontaneous activity and immobility are useful for the assessment of chronic pancreatic pain. Voluntary wheel running has been recently demonstrated to be a nonreflexive test to evaluate somatic inflammatory pain and analgesia in mice (17) . Our results suggest that it may also be a useful, operator-independent, measure of visceral pain. We noticed that spontaneous activity slightly increased at week 3 compared with week 2, while the pain levels did not change. This apparent discrepancy could be due to physiological adaptation to pain to maintain functions such as eating behaviors. Alternatively, it is possible that, with continued atrophy of the pancreas, pain improves, as it does in some patients with prolonged atrophy, and that mobility is an early predictor of this improvement. Studies conducted over a longer duration would be necessary to determine if other measures of pain also improved.
There is one report in which parameters measured using open-field testing were used as indexes of early inflammatory visceral pain (45) . To our knowledge, ours is the first report in which open-field measures, which we validated using VFF probing, were used to measure sustained visceral pain. In contrast, although ultrasonic vocalizations have been used to measure cancer pancreatic pain (32), we did not detect any difference when we compared calls between sham-operated and TNBS mice. Our results are consistent with other studies (50, 51) that concluded that vocalizations are poor metrics for pain in laboratory rodents. Our findings of reduced voluntary wheel running and greater immobility likely reflect the integration of supraspinal centers and, thus, may more accurately reflect the impact of pain on behavior than do the reflexive tests.
Since patients with CP often report a generalized status of hyperalgesia (10, 11, 39) , we measured the mechanical threshold not just in the abdominal area, but also in the hindpaw, of mice with and without CP. Our results show a significant decrease in hindpaw mechanical threshold in mice treated with TNBS compared with all control groups. These findings are in disagreement with prior studies in rats (28, 42) . This discrepancy could be due to our use of mice, instead of rats, the relative severity of chronic inflammation or pain, or other experimental differences. Hypersensitivity to stimuli remote from the chronically inflamed organ suggests the presence of central mechanisms of sensitization.
A major advantage of a validated painful model of CP in mice is the potential to study genetically modified animals in which a pain pathway mediator of interest has been deleted to determine its contribution. This technique is particularly helpful in the study of chronic inflammatory pain, since repeated administration of antagonists, if available, may be impractical or ineffective due to the pharmacokinetics of the agents.
To summarize, we have characterized a painful murine model of CP that resembles the human features of the disease and established investigator-independent behavioral measures of visceral pain. We have also demonstrated, for the first time, that TRPA1 plays a major role in mediating chronic inflammatory changes in the pancreas and sustained visceral pain. In conclusion, our findings provide new tools to better investigate visceral pain in mice and suggest a potential therapeutic target for the treatment of chronic pancreatic pain.
